Abstract: The photoresponsive azobenzene-tethered DNAs have received growing experimental attention because of their potential applicationsi nb iotechnology and nanotechnology;h owever,l ittle is known aboutt he initial photoisomerization of azobenzene in these systems. Herein we have employed quantum mechanics/molecular mechanics (QM/MM)m ethodst oe xplore the photoisomerization dynamics of an azobenzene-tethered DNA duplex. We find that in the S 1 state the trans-cis photoisomerization path is much steeper in DNA than in vacuo, which makes the photoisomerization much faster in the DNA environment. This acceleration is primarily caused by complex steric interactions between azobenzene and the nearby unpaired thymine nucleobase, which also change the photoisomerization mechanism of azobenzene in the DNA duplex.
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Molecular photoswitches have been extensively used in av ariety of applicationsr anging from materials science to biology.
[1]
Amongt he most studied photoswitchable compounds are azobenzenes, which are easily synthesized andh ighly stable. [2] They have high extinction coefficients and isomerization quantum yields, therebya llowing repeated photoswitching with low-intensity light. Photoinducedi somerization changes the shape of these azobenzenes significantly,i np articulart he endto-end distance, which has been exploited in tuning the folding and unfolding of peptides and proteins.
[3]
Photoresponsive azobenzene-tetheredD NA/RNAs have in recent years attracted growing attention fort heir potentiala pplicationsi nb iotechnology and nanotechnology, [4] for example in photoregulating the DNA duplex/triplex formation and dissociation, [5] the transcription by T7-RNA polymerase, [6] the RNA digestion by RNase H, [7] the DNA polymerase reactionb yo ligonucleotides, [8] the enzymatic activity by telomereD NA, [9] the RNA cleavageb yd eoxyribozyme, [10] and the ion transport of biomimetic DNA-based channels. [11] Previous experimental studies are almost entirely focusedo n exploring structure-functiona nd thermodynamicsp roperties, such as meltingt emperatures,i ntegrated photokinetic factors, etc. [12] Very little is known about the initial photoisomerization dynamics of azobenzene in these constrained DNA/RNAs, which is at the heart of understanding the underlying photoregulation mechanism and ap rerequisite for the rational design of more excellenta zobenzene-tethered DNA/RNAs. Such microscopici nformation can be provided by reliable theoretical methods. However,e xcept for classical force-field simulations, [13] the photoisomerization dynamics in the azobenzene-DNA systemsh as not yet been explored computationally.I n this communication we reportaquantum mechanics/molecular mechanics (QM/MM)s tudy of the photoisomerization mechanism and dynamics of an azobenzene chromophore tethered to aD NA duplex in aqueous solution (see Supporting Information for simulation details and Figure 1f or QM/MM partitioning);t he choice of this system was motivated by a recente xperimental study showing remarkable photoswitching properties.
[12c] After submissiono fo ur manuscript, ar elated semiempiricalQ M/MM study becamea vailable on ap reprint Figure 1 . Azobenzene-tethered DNA duplexs tudied in recentexperiments.
[12c] Also showna re the DNA nucleic acid sequences(blueb ox) and the relatedQ M/MMpartitioning (red box:QMi nb lue and MM in black).
server,w hich addressed the photoisomerization dynamics of two representative RNA-azobenzene complexes using surface hopping. [14] At the QM(CASSCF)/MM level, we have optimized the stable trans and cis azobenzene structures in the DNA environment, which are labeled as S0-TRANS and S0-CIS in Figure 2 . The central N=Nd ouble bond length of S0-TRANS [S0-CIS] is computed to be 1.27 [1.23] ,w hich is similart o1 .24 [1.24] in the gas phase;i na ddition, the C2N3N4C5 dihedrala ngles are also close to those in the gas phase, 173.78 [1.78]v ersus 1808 [4.28] . [15a] In stark contrast, the nearby dihedral angles relevant to the photoisomerization markedlyd iffer from those in the gas phase due to sterici nteractions between the azobenzene and the nearbyn ucleobases. For example, the C1C2N3N4 and N3N4C5C6 dihedral angles of S0-TRANS [15a] These significant structural differences do not alter the relative stabilities of S0-TRANS and S0-CIS. At the QM(MS-CASPT2)/MM level, S0-TRANS is predicted to be 12.9 kcal mol À1 lower in energy than S0-CIS, which is close to the value of 11.9 kcal mol À1 calculated by the CASPT2 method in the gas phase. [15a] In addition, we have computed the vertical excitation energies at the Franck-Condon points for S0-TRANS and S0-CIS. The lowest excited singlet state stems from an n!p*e lectronic excitation in both cases (see Figure S2 for the relevant orbitals). The vertical excitation energyt ot his À1 calculated in the gas phase [15a] and the experimentally measureda bsorption band maximum of 445 nm (64.3 kcal mol À1 ).
[13d] MO analysiss hows that this excited singlet state is primarily composed of the HOMO-LUMO electronic configuration ( Figure S2 ). The HOMO is al one-pair no rbital at the two nitrogen atoms and the LUMO is the antibonding p* N=N orbital of the azo group.
To explore the photoisomerization of azobenzene in the DNA surroundings,w eh ave computed the photoisomerization reactionp ath in the S 1 state for the internal rotation described by the central C2N3N4C5 dihedral angle. As seen in the bottom-left panel of Figure 2 , there exists an S 1 /S 0 conicali ntersection region in the vicinity of 908,w here both electronic states are energetically quasi-degenerate at the QM(CASPT2)/ MM level. The corresponding S 1 /S 0 minimum-energy conicali ntersection structure has been fully optimized at the QM(OM2/ MRCI)/MM level (Table S3 and Figure S3 ). In this optimized structure (labeled S1S0-CI), the central C2N3N4C5 dihedral angle is 101.58,s lightly larger than the gas-phase value of 94.08.
[15] The C1C2N3N4 and N3N4C5C6 dihedrala ngles are À170.18 and1 66.48,r espectively.A tt he QM(CASPT2)/MM level, the S 1 and S 0 energies at S1S0-CI are 50.8 and 49.5 kcal mol À1 , which shows that these two electronic states are still quasi-degenerate at the higherc omputational level;t he S 1 energy of S1S0-CI is ca. 12 kcal mol À1 lower than that at the trans FranckCondon point (see Table S4 ) so that this conicali ntersection is energetically accessible. Therefore, it is expectedt op lay ac rucial role in the decay of the S 1 state to the S 0 state during the photodynamics of azobenzene in the DNA surroundings.
From the bottom-left panel of Figure 2 , one can see that both trans-cis and cis-trans photoisomerization paths are barrierless in the S 1 state. For the sake of comparison, we have also computed the relevant S 1 photoisomerization path in the gas phase at the CASPT2 level (see the bottom-right panel of Figure 2 ). It is obvious that the cis-trans photoisomerization paths in the gas phase andD NA have similar steepness (energies decreasing from 65.0 to 52.5 kcal mol À1 and from 64.1 to 50.8 kcal mol
À1
,r espectively). By contrast,t he S 1 trans-cis photoisomerization path is much steeper in the DNA surroundings than in the gas phase, where it is nearly flatw ith respect to the variation of the central C2N3N4C5 dihedrala ngle. Moreover,o ne can see that the S 0 and S 1 states do not become degenerate along the S 1 minimum-energy reaction path in vacuum.A tadihedrala ngle of about 1008,t he S 1 !S 0 energy gap is computed to be 7.0 kcal mol À1 in the gas phase. This situation changes in the DNA environmentw here aq uasi-degenerate S 1 /S 0 conical intersection is observed (energyg ap of 1.3 kcal mol À1 ,s ee above). Taken together, one can expect that the trans-cis photoisomerization will be much faster in the DNA than in the gas phase (see below).
To furtherc onfirm this viewpoint and to explore the excitedstate properties of the trans-cis azobenzene photoisomerization in the DNA, we have carried out QM(OM2/MRCI)/MM nonadiabatic dynamics runs starting from the trans region (200 trajectories). Counting the number of trajectories arriving at the cis and trans conformers, we estimate the quantum yield of the trans-cis photoisomerization to be 0.42, which is higher than those predicted in the gas ands olutionp hases (0.17 and 0.20-0.25, respectively).
[15g]
We have analyzed the distribution of the C1C2N3N4, C2N3N4C5, and N3N4C5C6 dihedral angles at the starting points (blue squares)a nd the S 1 !S 0 hopping points (red circles), as shown in Figure 3 . At the beginning, the distribution of the central C2N3N4C5 dihedral angle ranges from 1408 to 2008 with the center at about 1708.T his is consistentw ith the structure of S0-TRANS, where the C2N3N4C5 dihedral angle is computed to be 173.78 and 176.78 at QM(CASSCF)/M Ma nd QM(OM2/MRCI)/MM levels,r espectively.T he startingd istribution of the C1C2N3N4 dihedrala ngle, between 2108 and 1108 (centera tc a. 1608), is slightly wider than that of N3N4C5C6 dihedral angle, between2 008 and 1308 (centera tc a. 1658). This indicates that the rotationalm otiono ft he right phenyl group of azobenzene (Figure 2 ) is more hindered by the nearbyt hymine nucleobase than that of the left phenylg roup.W hen going from the startingt oh opping points, the centroid of the distribution of the N3N4C5C6 dihedral angle changes only slightly,f rom 1708 to 1658 (see the top-rightp anel of Figure 3 ), whereas that of the C1C2N3N4 dihedral angle changes visibly, from 1608 to 2008 (see the top-left panel of Figure 3 ). This further confirms that the rotational motion along the C1C2N3N4 dihedrala ngle is less constrained than that of the N3N4C5C6 dihedrala ngle. It should be stressed that in previousd ynamics simulations in the gasa nd solution phases, the rotational motions along the C1C2N3N4 and N3N4C5C6 dihedrala ngles were found to be unrestrained and of equal importance in the photodynamics of azobenzene.
[15g] The present work demonstrates that the DNA environmentc an inhibit one of the rotational motions(see below). Figure S8 shows the time-dependent population of the S 1 and S 0 states. In the first 50 fs after photoexcitation, the system relaxesi nt he S 1 state from the Franck-Condon region to the minimum;t hereafter,t he trajectories start continually hopping to the S 0 state. Until the end of the 500 fs simulations, 90 %o ft he trajectories hop from the initially populated S 1 state to the S 0 state. Provided that the S 1 !S 0 internal conversion is af irst-order process, the S 1 excited-state lifetime is estimated to be 394 fs. We note that such ultrafast trans-cis photoisomerizations are not observed in azobenzene crosslinked peptides (lifetimes of ca. 1ps).
[15] Apparently,t he transcis photoisomerization is accelerated by the interactions between the azobenzene and the DNA environment. This is in contrastt ot he situation in the recently investigated RNA-azobenzene complexes, in which the trans-cis photoisomerization was found to be slowed down significantly to at ime scale of about 15 ps. [14] This highlights the decisive impact of the different DNA and RNA environments.
What is the driving force for such acceleration?C areful inspection of the structuralf eatures near the azobenzene suggests that the steric interaction between the right phenyl group of the azobenzene and the nearbyt hymine nucleobase could be responsible for this phenomenon ( Figure 4) . The importance of such steric interactions with an opposite base has already been pointedo ut in previousf orce-field work.
[13c] To address this issue, we have carriedo ut QM/MM electronic structure calculations and dynamics simulations for an analogous DNA duplexw ithout this nearbyn ucleobase. It is evident from Figures S5 and S6 that at the QM(CASPT2)/MM level the S 1 photoisomerization path for cis-trans photoisomerization looks similar in the unmodifieda nd modified DNA duplexes. However,t he trans-cis photoisomerization path is different in the unmodified and modified DNAs (Figures S5 and S6) . Due to the strong steric interaction between the right phenyl group of the azobenzene and the nearbyt hymine nucleobase (Figure 4) , the S 1 energy profile for the trans-cis path is much steeperi nt he unmodified than in the modified DNA (without the thymine nucleobase). This steric interaction is thus the driving force that re-shapes the S 1 trans-cis potentiale nergy surfacea nd accelerates the trans-cis photoisomerization. This is again confirmed by QM(OM2/MRCI)/MMd ynamics simulations. In 200 trajectories, we do not observea ny S 1 !S 0 excited-state decay nor any trans-cis photoisomerization during the 500 fs simulations. This is qualitativelyd ifferent from the situation in the unmodified DNA environment where ca. 90 %o f the trajectories decay to the S 0 state (see above). Both the electronic structure calculations and the dynamics simulations thus support the motion that the steric interaction between one phenyl group of the azobenzene and the nearby thymine is responsible for the acceleration of the trans-cis photoisomerization.
In addition, this steric interaction also makes the trans-cis photoisomerization mechanism of the azobenzene in the unmodifiedD NA different from that in the modified one. Figure 4 shows spatials uperpositions of S0-TRANS, S1S0-CIS, and S0-CIS structures in these two DNA duplexes. It is clear from the left panel that in the unmodified DNA the hula-twist photoisomerization process is dominantly drivenb yt he N3 atom of the azo N=Ng roup because the rotational motion alongt he C1C2N3N4 dihedrala ngle is lessc onstrained than that along the N3N4C5C6 dihedral angle (as discussed above). Removal of the nearbyt hymine nucleobase reduces this steric interaction and enables rotational motion along the N3N4C5C6 dihedral angle. As ar esult, the N4 atom drives the hula-twistm otion in the modified DNA (see the right panel). This demonstrates that the two nitrogen atoms can play different roles in the photoinduced hula-twist of the central N=Nd ouble bond and that the local environment can be of decisive importance in regulating the excited-state relaxation paths of azobenzene in the confined DNA surroundings.
To summarize, we have employed combined QM/MM electronic structurec alculations and nonadiabatic dynamics simulations to study the photoisomerization mechanism and excited-state decay dynamics of an azobenzene that is covalently tethered to aD NA duplex. We find that the trans-cis photoisomerization path in the S 1 state is much steeper in the DNA surroundings than in the gas phase; whereas, the cis-trans path is similari nb oth situations. This enhanced steepness makes the trans-cis photoisomerization much faster in the DNA than in vacuum, which is confirmedb yo ur subsequent surface-hopping dynamics simulations.M oreover,w ef ind that the enhanced steepness of the trans-cis photoisomerization path in the DNA duplex is mainly caused by the steric interaction between the phenylg roup of the azobenzene and the correspondingu npaired thymine nucleobase, which is supported by furthere lectronic structure calculations and nonadiabatic dynamics simulations on an analogous DNA duplex withoutt his unpairedn ucleobase. This steric interaction also changes the trans-cis photoisomerization mechanism of azobenzene, since the two nitrogen atoms are found to play different roles in drivingt he hula-twistm otion of the central N=Nd ouble bond in the unmodified and modified DNA duplexes.F inally,w ee mphasizet hat the focus of our present study is on exploring the initial photoisomerization dynamics of twor epresentative DNA-azobenzene complexes [12c] and the effects of the local DNA environment on the S 1 dynamics;f urther work is required to address computationally the efficiency of these complexes for DNA photocontrol.
In more general terms, the present studys hows that complicated biological surroundings can re-shape excited-state potential energy surfaces of chromophores, therebyt uning and even significantly changing their photodynamics. We hope that these mechanistic insights will advance the understanding and design of azobenzene-tethered DNA/RNAs in biotechnology and nanotechnology. [4] [5] [6] [7] [8] [9] [10] [11] [12] 
